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Most solid tumors are aneuploid, and many missegregate chromosomes at high rates in a phenomenon called chromosomal
instability (CIN). CIN reﬂects the erosion of mitotic ﬁdelity, and it
correlates with poor patient prognosis and drug resistance. The
most common mechanism causing CIN is the persistence of improper
kinetochore–microtubule attachments called merotely. Chromosomes with merotelic kinetochores often manifest as lagging chromosomes in anaphase, suggesting that lagging chromosomes fail
to segregate properly. However, it remains unknown whether the
lagging chromosomes observed in anaphase segregate to the correct or incorrect daughter cell. To address this question, we tracked
the segregation of a single human chromosome during cell division
by using LacI-GFP to target an integrated LacO array. By scoring the
distribution of each sister chromatid during mitosis, we show that
a majority of lagging chromosomes in anaphase segregate to the
correct daughter cell. Instead, sister chromatids that segregate erroneously frequently do so without obvious evidence of lagging
during anaphase. This outcome is expected if sister kinetochores
on a chromosome bind microtubules oriented toward the same spindle pole, and we ﬁnd evidence for syntelic kinetochore attachments
in cells after treatments that increase missegregation rates. Thus,
lagging chromosomes in anaphase are symptomatic of defects
in kinetochore–microtubule attachment dynamics that cause chromosome missegregation associated with CIN, but the laggards
rarely missegregate.
aneuploidy

| syntely | MCAK | micronuclei | genome instability

S

olid tumors are frequently aneuploid and many missegregate
chromosomes at high rates in a phenomenon called chromosomal instability (CIN; refs. 1 and 2). CIN is associated with
poor patient prognosis, and various studies have shown that it
correlates with advanced tumor stage including acquisition of
metastatic potential and drug resistance (3–5). It has been proposed that by frequently changing the karyotype of tumor cells,
that CIN provides an agent of change that drives the evolution
of tumor cell phenotypes (3–8). The treatment difﬁculties encountered in advanced stage tumors underscores the importance
of determining the mechanisms of CIN and how they contribute
to tumor growth.
Various mechanisms have been proposed to cause CIN including dysfunction of the spindle assembly checkpoint, defects
in sister chromatid cohesion, and defects in the attachment of
chromosomes to spindle microtubules (2). Recently, live cell
imaging demonstrated that the most common cause of CIN is the
persistence of errors in the attachment of spindle microtubules
to chromosomes (9, 10). Microtubules bind to chromosomes at
specialized structures called kinetochores. Each chromosome
has a pair of kinetochores, and faithful chromosome segregation
arises when single kinetochores bind microtubules oriented toward only one spindle pole resulting in the biorientation of
chromosomes on the spindle. However, errors in the orientation
of kinetochore–microtubule (k-MT) attachments frequently oc-
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cur, particularly in early phases of mitosis, as a consequence
of the stochastic interactions between microtubules and kinetochores (11). A prominent error is when a single kinetochore
binds microtubules oriented toward both spindle poles. This
error is called merotely (12, 13). The persistence of merotely
undermines chromosome segregation because merotelic kinetochores experience poleward force toward both spindle poles. As
a consequence, merotely often results in the appearance of lagging chromosomes in anaphase, and tumor cells with CIN have
elevated rates of lagging chromosomes and merotelic attachments (9). Moreover, it was shown that increasing the correction
rate of merotely by stimulating the dynamics of k-MT attachment
suppressed CIN, providing a causative relationship between the
persistence of improper k-MT attachments and CIN (10).
Using quantitative measurements, there is a strong correlation
between the frequency of lagging chromosomes and the rate of
chromosome missegregation (9, 10, 14), suggesting that lagging
chromosomes frequently missegregate to cause CIN. In contrast,
live imaging of marsupial cells in mitosis with merotelic kinetochores failed to identify missegregation of chromatids with a
merotelic kinetochore (13, 15). Thus, it remains controversial if
lagging chromosomes that are observed in anaphase ultimately
segregate to the incorrect daughter to generate missegregation
that is observed in human tumor cells with CIN. To resolve this
controversy, we tracked the fate of each sister chromatid of a
single human chromosome during segregation by using an integrated LacO array illuminated by LacI-GFP.
Results
To track the fate of lagging chromosomes during mitosis in human cells, we used live imaging of cells expressing GFP-tagged
histone H2B (9). Human U2OS osteosarcoma cells are aneuploid and chromosomally unstable and frequently show lagging
chromosomes in anaphase (10). Live imaging of chromosome
segregation in mitosis in these cells revealed that 78% (n = 23)
of anaphase cells with lagging chromosomes resulted in at least
one daughter cell with a distinct micronucleus (Fig. S1). We also
examined ﬁxed cells for the presence of lagging chromosomes in
anaphase and for micronuclei in pairs of daughter cells. Lagging
chromosomes occurred in 21.7% (±1.7%, SEM) of anaphases,
and micronuclei were present in at least one daughter cell in
21.4% (±1.7%, SEM) of daughter cell pairs, indicating a strong
correlation between the appearance of laggards and micronuclei
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Fig. 1. Fates of sister chromatids of a single chromosome during mitosis.
Corresponding daughter HCT116 cells expressing lacIGFP with LacO arrays
integrated into a single chromosome were ﬁxed and imaged after inducing
high levels of merotely with MCAK siRNA or monastrol washout. Schematic
of possible segregation fates of the marked chromosome (Upper) and representative images of each fate (Lower) are shown. (Scale bar: 10 μm.)

daughter cells (Fig. S1), these data indicate that lagging chromosomes that form micronuclei tend to segregate to the correct
daughter cell even when the frequency of merotelic attachments
is substantially increased.
The most striking change in chromosome segregation observed when the prevalence of merotelic attachments is increased is where one daughter cell has both sister chromatids in
the major nucleus with no observable micronucleus (Fig. 1 and
Table 1). This event is rare in untreated cells, but is quite
common in cells that recovered from monastrol treatment, lack
MCAK activity, or both. Indeed, in all circumstances, the frequency of one daughter cell with both sister chromatids in the
major nucleus is higher than the frequency of cells with the
marked chromosome in a micronucleus in the incorrect daughter
cell. This ﬁnding is most extreme in cells depleted of MCAK
where it is ﬁve times more likely that a missegregated chromosome will be in the major nucleus compared with a micronucleus.
Assuming all chromosomes behave similarly in cells lacking
MCAK activity, ≈26% of mitoses (0.58% for one chromosome ×
45 chromosomes) would have both sister chromatids in the major
nucleus of one daughter cell, compared with only ≈5% of mitoses (0.11% for one chromosome × 45 chromosomes) yielding
a chromatid in a micronucleus of the incorrect daughter cell.
Because the fraction of lagging chromosomes that do not result
in micronuclei is too small to account for the frequency of this

Table 1. Chromosome segregation errors in HCT116 cells
Normal segregation
(%)
Control (n = 7,531)
Monastrol washout (n = 9,262)
MCAK knockdown (n = 7,572)
Monastrol washout + MCAK
knockdown (n = 6,410)

Thompson and Compton

7,519
9,032
7,490
6,201

(99.84)
(97.52)
(98.92)
(96.72)

Normal segregation in
micronucleus (%)
9
114
30
65

(0.12)
(1.23)
(0.40)
(1.02)

Missegregation in
micronucleus (%)
1
32
8
55

(0.01)
(0.35)
(0.11)
(0.86)

Missegregation (%)
2
84
44
89

(0.03)
(0.91)
(0.58)
(1.39)
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in these cells. HCT116 cells behaved similarly when the levels of
merotelic kinetochore attachments were increased by recovery
from monastrol- or nocodazole-induced mitotic delay. Eighty
percent (n = 31) of HCT116 cells with lagging chromosomes in
anaphase resulted in daughter cells with distinct micronuclei.
These data demonstrate that most lagging chromosomes in anaphase result in micronuclei in a daughter cell at the completion of mitosis.
We next followed the fate of each chromatid of a single human
chromosome during mitosis in HCT116 cells by using a LacO
array integrated into a single chromosomal locus and detected by
expression of LacI-GFP (16–18). The probability of witnessing
a lagging chromatid from this speciﬁc chromosome using live cell
imaging is expected to be quite rare (1/45 chromosomes tagged ×
1 lagging chromosome observed in every 3 HCT116 cells recovering from monastrol- or nocodazole-induced mitotic delay =
1/135 cells would display an error in this speciﬁc chromosome;
ref. 9). Therefore, we relied on ﬁxed cell analyses for our
experiments. Mitotic cells were harvested and allowed to complete mitosis at very low cell density so that the fate of this
marked chromosome could be unequivocally determined in the
two daughter cells. In principle, there are four possible fates for
the two chromatids (each segregates to major nuclei of opposite
daughter cells, micronuclei in the correct daughter cell, micronuclei in the incorrect daughter cell, and both segregate to the
major nucleus of the same daughter cell), and we observed each
fate to different degrees depending on the conditions (Fig. 1).
HCT116 cells are not chromosomally unstable and faithfully
segregate chromosomes with an error detected in the segregation
of this marked chromosome in only 0.16% of daughter cells
(Table 1). The most common error in untreated HCT116 cells is
when the marked chromosome is in a micronucleus. However,
the micronucleus with the marked chromosome was nearly 10
times more likely to reside in the correct daughter cell than the
incorrect daughter cell, and that would not alter the karyotype of
either daughter cell. Thus, the frequency of missegregation (i.e.,
the two sister chromatids residing in the same daughter cell) of
this chromosome is quite rare in untreated HCT116 cells.
In contrast, there is a dramatic increase in the rate of chromosome segregation errors when the prevalence of merotelic
attachments is increased, by increasing their rate of formation by
recovery from monastrol treatment, reducing their rate of correction by knockdown of the kinesin-13 protein MCAK, or both
(Table 1). We have performed MCAK knockdown by using
siRNA (16) and used the signiﬁcant increase in lagging chromosomes in anaphase to conﬁrm efﬁcient knockdown in these
experiments (Fig. S2). Using either the drug recovery strategy or
the loss of MCAK activity to increase levels of merotely, we
found that when the marked chromosome was in a micronucleus,
it was approximately four times more likely to segregate to the
correct daughter cell than to the incorrect daughter cell. This
ratio was reduced slightly when the two treatments were combined, but the trend was the same with the chromosome segregating to the correct daughter cell more frequently than to the
incorrect daughter cell. Given that the fate of most lagging
chromosomes is to become a micronucleus in one of the

Table 2. Chromosome segregation errors in anaphase in
HCT116 cells

Control (n = 300)
Monastrol washout
(n = 1,391)
MCAK knockdown
(n = 508)

Fig. 2. Fates of sister chromatids of a single chromosome during anaphase.
HCT116 cells in anaphase expressing lacIGFP with LacO arrays integrated into
a single chromosome were ﬁxed and imaged after inducing high levels of
merotely with MCAK siRNA or monastrol washout. Representative images
show the marked chromosome segregating correctly, with one chromosome
in each anaphase plate (A), lagging in the spindle midzone (B), or missegregating with no evidence of lagging (C). Arrowheads point to the
LacIGFP labeled chromosome. (Scale bar: 5 μm.)

event, these data suggest that there is a substantial population of
cells under these conditions where both sister chromatids segregate to the same daughter cell without overtly lagging.
To verify that sister chromatids missegregate without lagging,
we followed the fate of each sister chromatid of the marked
chromosome during anaphase (Fig. 2 and Table 2). There are
three possible fates for the two chromatids in anaphase (segregation to opposite poles, lagging, and segregation to the same
pole), and we observed each fate to different degrees depending
on the conditions (Fig. 2). As expected, chromosomes rarely
missegregate in anaphase in untreated control cells (Table 2). In
contrast, increasing the prevalence of merotely either by recovery from monastrol or through depletion of MCAK activity
signiﬁcantly increases the error rate (Table 2). As expected, the
frequency with which both chromatids segregate to the same
pole without overtly lagging in anaphase (Table 2) is near the
frequency of both chromatids being in the major nucleus of the
same daughter cell (Table 1). Importantly, the chromosomal
locus marked by LacI-GFP on each chromatid in these anaphase
cells is well-separated, indicating that chromosome missegregation is not caused by the failure of sister chromatids to disjoin in anaphase.
The most likely mechanism causing both chromatids to segregate to the same pole after they dissociate at anaphase onset is
17976 | www.pnas.org/cgi/doi/10.1073/pnas.1109720108

Normal
segregation
(%)

Lagging
(%)

Missegregation
without lagging
(%)

299 (99.7)
1,373 (98.7)

0 (0)
8 (0.6)

1 (0.3)
10 (0.7)

497 (97.8)

8 (1.6)

3 (0.6)

through attachment of both kinetochores of that chromosome to
microtubules oriented toward the same spindle pole (e.g., syntely). Here, we sought evidence for the presence of syntelic
chromosomes in human cells. For these experiments, we used
the diploid, chromosomally stable RPE1 cells and induced the
formation of k-MT attachment errors by using recovery from
monastrol treatment. To enhance the contrast of k-MTs during
mitosis, non–k-MTs were depolymerized with a calcium-containing buffer before ﬁxation and stained for microtubules and
the kinetochore protein Hec1 (Fig. 3 and Fig. S3). Most chromosomes are amphitelic as expected (Fig. 3A), and we could
easily identify merotelic attachments in metaphase (Fig. 3B). We
also identiﬁed chromosomes that appeared to be predominantly
syntelic in early anaphase as judged by the broadened and bilobed structure of the kinetochore on one side of a chromosome
by using staining for Hec1 (Fig. 3C and Fig. S4). The large
number of kinetochore pairs around the metaphase plate precluded us from using imaging to directly quantify the frequency
of these syntelic-like chromosomes that were most readily
identiﬁable near the periphery of the metaphase plate. Nevertheless, these results provide evidence that segregation of both
sister chromatids to the same daughter cell without overtly lagging is possible through a syntelic-like k-MT attachment.
Discussion
Human cancer cells with CIN display lagging chromosomes in
a substantial fraction of cells during anaphase because of the
persistence of k-MT attachment errors. By tracking sister chromatids of a single human chromosome under conditions that
promote these errors, we demonstrate here that the fate of most
lagging chromosomes in anaphase is to form a micronucleus in
the correct daughter cell. Chromosomes in micronuclei with
an intact centromere undergo typical condensation in the subsequent mitosis and reassociate with the other chromosomes
(Fig. S5), resulting in no karyotypic change in either daughter
cell. Thus, chromosomes that lag in anaphase tend not to missegregate (i.e., cause nondisjunction) in human cells. These
results are in agreement with data from nonhuman model cell
systems showing that lagging chromosomes rarely missegregate
(19, 20).
Instead, our evidence shows that chromosome missegregation
in human cells with elevated rates of k-MT attachment errors is
rooted in sister chromatids that separate, but segregate to the
same spindle pole without obviously lagging in anaphase. The
most likely cause of this mode of chromosome missegregation is
that sister kinetochores attach to spindle microtubules oriented
toward the same spindle pole. We observe chromosomes with
the hallmarks of syntely in human cells and note that syntelic
chromosomes have been observed to missegregate during meiosis in insect cells (19). Syntelic chromosomes are unlikely to
satisfy the checkpoint (21), and we have never observed anaphase onset before alignment of all chromosomes in numerous
CIN and stable human cell lines (9). Thus, syntelic k-MT
attachments most likely become converted into merotelic
Thompson and Compton

Fig. 3. Various kinetochore–microtubule attachments. RPE1 cells recovering
from monastrol treatment to induce k-MT attachment errors were extracted
in the presence of calcium; ﬁxed; stained for kinetochores (Hec1) in red,
microtubules (green), and DNA (blue); and imaged by using confocal microscopy to identify k-MT attachments. Single focal planes showing
amphitely (A), merotely (B), and syntely (C) are shown in Insets. (Scale bars:
Left, 2.5 μm; Right, 1 μm.)

attachments to promote chromosome alignment and checkpoint
satisfaction. Because the correction of both syntely and merotely
relies on the dynamic attachment of microtubules to kinetochores, the contribution of syntelic precursors to chromosome
missegregation is fully consistent with the fact that faithful
chromosome segregation can be restored in human cancer cells
with CIN by overexpression of enzymes that promote error
correction by decreasing the stability of k-MT attachments (10).
Thus, lagging chromosomes in anaphase rarely missegregate, yet
their presence is symptomatic of an underlying defect in k-MT
attachment dynamics that causes chromosome missegregation
that can lead to CIN.
These results indicate that only speciﬁc types of k-MT attachment errors render chromosomes prone to missegregation.
The spindle assembly checkpoint prevents anaphase onset in the
presence of chromosomes with monotelic or syntelic but not
merotelic kinetochores. However, not all merotelic kinetochores
are equivalent because they differ in the quantity of microtubules
Thompson and Compton

oriented toward the wrong spindle pole (Fig. 4). Thus, we propose a nomenclature for discriminating these different versions
of merotely based on the Latin root terms for few (pauci), equal
(equi), and many (multi). We would expect chromosomes with
pauci-merotelic kinetochores (those with few microtubules oriented toward the wrong pole) to segregate properly, perhaps
without even lagging in anaphase. If so, then the prevalence of
paucimerotely may be unrecognized. Lagging chromosomes in
anaphase are most likely caused by equimerotelic kinetochores
(those with approximately equal numbers of microtubules oriented toward the correct and wrong poles). Roughly equal
poleward force experienced by an equimerotelic kinetochore
toward both spindle poles causes the chromosome to lag in
anaphase. However, our data and data from others (15) show
that most lagging chromosomes end up in the correct daughter
cell as micronuclei. That bias is most likely provided by the backto-back geometry of sister kinetochores that would encourage
a preponderance of k-MT attachments to be oriented toward the
correct spindle pole even within an equimerotelic conﬁguration.
Finally, our data indicate that chromosomes with multimerotelic
kinetochores (those with many microtubules oriented toward the
wrong pole) make the largest contribution to missegregation
without obvious lagging in anaphase (Fig. 4). Multimerotely most
likely arise as a direct consequence of attachment of syntelic
kinetochores to microtubules oriented toward the opposite
spindle pole. The contribution of multimerotely to chromosome
missegregation ﬁts with predictions by Salmon and colleagues
(13, 15) and has been visualized during meiosis in insect cells
(19). Based on the frequencies of chromosome missegregation in
cells depleted of a key element of the machinery responsible for
correction of k-MT attachments errors (e.g., MCAK), we estimate that multimerotely arises in ∼25% of cells. This percentage
underestimates the frequency of these errors, because other
parts of the correction machinery remain intact in MCAK-deﬁcient cells (e.g., Aurora B and Kif2b). Thus, multimerotely as
a consequence of syntely may be relatively common during unperturbed mitosis in human cells. This ﬁnding would provide
a strong selective pressure for the development of robust error
correction machinery.
PNAS | November 1, 2011 | vol. 108 | no. 44 | 17977

CELL BIOLOGY

Fig. 4. Kinetochore microtubule attachments and chromosome fate. Schematic shows numerical microtubule differences in merotelic attachments
(pauci, few; equi, equal; multi, many) and the likely fate of these attachment
errors if they persist into anaphase.

Materials and Methods
Cell Culture. Cells were maintained at 37 °C with 5% CO2 in McCoy’s 5a
(HCT116) or Dulbecco’s Modiﬁed Eagle Medium (RPE1, U2OS) supplemented
with 10% FBS, 50 IU/mL penicillin, and 50 μg/mL streptomycin. HCT116 cells
expressing LacIGFP with LacO integrated on a single chromosome (16) were
grown as above, maintaining selection for the chromosome mark by alternating treatment with blasticidin (2 μg/mL) and hygromycin (300 μg/mL)
approximately every 7 d. HCT116 H2B cells were grown as described above
under 2 μg/mL blasticidin selection.
Live Cell Imaging. HCT116 H2BGFP cells were imaged for micronuclei reincorporation by acquiring a single focal plane image every minute in the GFP
channel by using a 0.45 N.A. Plan Fluor 20× ELWD objective on a Nikon
Eclipse Ti microscope at 37 °C equipped with a cooled charge-coupled device
camera (Clara; Andor Technology). HCT116 and U2OS H2BGFP cells were
imaged for micronuclei formation as described above with a Plan Fluor 40×
N.A. 0.6 ELW air objective on a Nikon TE 2000-E. Autocontrast was applied to
images using Photoshop CS2 (Adobe).
RNAi. Published sequences were used to deplete MCAK (22) (5′-GAUCCAACGCAGUAAAUGGUtt-3′); dsRNA (200 nM; Ambion) was transfected into
cells using oligofectamine as described (23). Cells were analyzed or used for
subsequent experiments 72 h later.
Segregation Assays. For analyzing segregation in anaphases, cells were
treated with siRNA for 72 h or with drugs (100 μM monastrol or 100 ng/mL
nocodazole) for 8 h. Drug washouts were performed by washing twice with
PBS and then incubated for 50 min with fresh medium. Cells were ﬁxed with
3.5% paraformaldehyde and stained with DAPI. For analyzing segregation
in interphase cells, mitotic cells treated with siRNA for 72 h and/or treated
with drugs for 8 h were isolated by shakeoff, plated at low density on
coverslips, and were ﬁxed 14 h later. Cells were ﬁxed to coverslips by placing
coverslip in 50 mL conical tube full of polyacrylamide (to form a ﬂat platform), spinning brieﬂy until reaching ∼1000 × g, ﬁxing in 1% gluteraldehyde
in PBS for 5 min, washing twice with sodium borohydride (5 min each wash),
and staining with DAPI in TBS-BSA for 5–10 min before placing on slide with
mounting medium. Spinning coverslips ensured that the chromosome mark
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would be on the same z plane in every cell. Cells were imaged by using the
Nikon microscope with 60 × 1.4 N.A. oil immersion lens. Optical slices in the
z axis were acquired at 0.25-μm steps for anaphase images, and iterative
restoration was performed by using Phylum Live software. Autocontrast was
applied to images by using Photoshop CS2.
Indirect Immunoﬂuorescence Confocal Imaging. RPE1 cells growing on coverslips were treated with 100 μM monastrol for 16 h. Drug was washed out as
described above for 30–45 min. Cells were ﬁxed to visualize merotely by ﬁrst
extracting in calcium buffer (100 mM pipes, 1 mM MgCl2, 1 mM CaCl2, and
0.5% Triton X-100 at pH 6.8) at room temperature for 3–5 min, then ﬁxing in
1% gluteraldehyde in PBS for 10 min followed by two 10-min washes in
sodium borohydride. Fixed cells were washed with TBS-BSA (10 mM Tris, 150
mM NaCl, 10% BSA, and 0.1% sodium azide), then stained sequentially with
Hec1 antibody (Novus Biologicals) at 1:250 for 2 h, Texas red anti-mouse
secondary at 1:500 + DAPI for 2 h, DM1α (Sigma) at 1:1,000 for 25 min, and
ﬂuorescein anti-mouse secondary at 1:500 for 20–25 min. Coverslips were
mounted on slides with Prolong Gold Antifade (Invitrogen).
Images were acquired by using a 1.4 N.A. 100× PlanApo VC oil immersion
lens on an Eclipse Ti Nikon microscope equipped with a Quorum Wave FX-X1
spinning disk confocal system with 403-, 491-, and 561-nm lasers with an EMCCD digital camera (Hamamatsu) with Metamorph software (Molecular
Devices). To capture full spindle volume, 101 0.1-μm slices in the z axis were
obtained per cell. Huygens software (Scientiﬁc Volume Imaging) was used to
deconvolve images and Imaris software (Bitplane AG) was used to analyze
images and obtain snapshots of single planes. Autocontrast was applied to
images by using Photoshop CS2.
Lagging Chromosome Rates. Anaphase chromosomes were counted as “lagging” if they contained CREST (ACA) kinetochore staining and were located
in the spindle midzone, separated from kinetochores at the anaphase plate.
Rates for each condition were measured in at least three independent
experiments.
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